D-Glyceric acid (D-GA) is a natural organic compound found in a variety of plants. [1] [2] [3] It has various biological effects, including diuresis, 2) liver-stimulating, and cholesterolytic activities, 4) and acceleration of ethanol and acetaldehyde oxidation. 5) In addition, GAbased esters exhibit antitrypsin activity, 6) and novel oligoesters based on GA derivatives can be useful for pharmaceutical purposes, as in drug-delivery systems. 7) Thus GA is an unfamiliar but promising chemical.
D-GA can be produced by biotechnological conversion of glycerol, 8, 9) but, we found recently that GA can be mass-produced from glycerol by acetic acid bacteria at >100 g/l per batch. 10) Considering that glycerol is a renewable resource that can be obtained at about 10% weight as a byproduct of biodiesel fuel production through the transesterification of vegetable oils and animal fats, and given that glycerol has become a promising, abundant carbon source for industrial microbiology, 11) the bioconversion of glycerol to valuable chemicals is important.
More than 150 g/l of initial glycerol can be oxidized to glyceraldehyde by acetic acid bacteria with membranebound, pyrroloquinoline quinone (PQQ)-dependent alcohol dehydrogenase (PQQ-ADH), 10) and the aldehyde is further oxidized to GA (Fig. 1) . Among acetic acid bacteria, Gluconobacter spp., including Gluconobacter frateurii, produce more GA than Acetobacter or Gluconacetobacter spp., 10) but problems with production by Gluconobacter spp. remain, such as the enantiomeric purity of the GA produced. Studies have shown that most Gluconobacter strains produce D-GA with 71-79% enantiomeric excess (ee), but to our knowledge none of the strains produce D-GA with >91% ee. 10, 12) A second problem is dihydroxyacetone (DHA) accumulation during GA production from glycerol, 10) which involves membrane-bound, PQQ-dependent sorbitol dehydrogenase (PQQ-SLDH).
13) PQQ-SLDH has broadrange substrate specificity for oxidation, including glycerol, 13) and hence we call PQQ-SLDH glycerol dehydrogenase (PQQ-GLDH) in this study (Fig. 1 ). sldB and sldA, which encode the small and large subunits of PQQ-GLDH (PQQ-SLDH) respectively, have been characterized. 14) Although most of the DHA accumulated in culture can be removed by electrodialysis, about 10% remains in the concentrated GA solution. 15) To make GA purification easier, it is better not to cause DNA to accumulate during GA production. In this study, in an effort to eliminate DHA accumulation, we examined GA production using a mutant of G. frateurii THD32, which is defective in PQQ-GLDH (ÁsldA). 16) G. frateurii THD32 17) and G. frateurii ÁsldA (sldA::Km) 16) were precultivated in 5 ml of medium containing 5 g/l of glucose, 5 g/l of polypepton (Nihon Pharmaceutical, Tokyo), 5 g/l of yeast extract (Difco Laboratories, Detroit, MI), and 1 g/l of MgSO 4 . 7H 2 O at 30
C for 24 h in test tubes (200 mm Â È18 mm). The cultivation conditions were examined using seed cultures (1.5 ml) that were transferred to 300-ml Erlenmeyer flasks containing 15 ml of glycerol medium (pH 6. 10) The optical purity of purified GA calcium salt was also analyzed by HPLC by our previous method.
12 ) The growth of THD32 and ÁsldA, and the GA produced by each, were investigated in a 5-liter jar fermentor (Model MDL; B.E. Marubishi, Tokyo). Seed cultures were transferred to a jar fermentor containing 2.5 liter of the above glycerol medium (pH 6.5) and incubated for 3 to 8 d. During the jar fermentor experiments, the aeration rate and agitation speed were set to 0.5 volumes of air per volume of medium per minute (vvm) and 500 rpm, and the temperature was maintained at 30 AE 1 C. pH was controlled with 5 M NaOH containing 50% v/v glycerol to ensure pH>6.
We have found that G. frateurii is a good GA producer from glycerol, 10) but we were unable to obtain a G. frateurii NBRC103465 10) mutant defective in PQQ-GLDH. Hence G. frateurii THD32 17) and its ÁsldA mutant 16) were investigated for their ability to grow on several concentrations of glycerol (5-20% w/v) and to produce GA, because the ÁsldA mutant of THD32, the same species as NBRC103465, had already been constructed by Soemphol et al. 16) First, using flasks we examined the effects of the initial glycerol concentration on growth and GA production ( Table 1) . Wild-type strain THD32 showed OD 600 of 3.9 and 3.2 and produced 20.1 and 25.6 g/l of GA on 100 and 150 g/l of glycerol respectively after 4 d of incubation. The OD 600 values and GA produced by ÁsldA were half and 70-90% of those of the wild-type strain respectively. In terms of GA production by the mutant, 100-150 g/l of glycerol appeared to be suitable as a substrate concentration. At all glycerol concentrations, the growth of the mutant was weaker than that of THD32. During the experiments, 23-27 g/l of DHA accumulated in the THD32 culture, whereas no DHA production was confirmed for the mutant. Also, we found that THD32 produced D-GA with 77% enantiomeric excess (ee), a value that corresponded to those of most Gluconobacter strains (71 to 79% ee).
Next, the growth of THD32 on 150 g/l of glycerol was investigated under controlled pH and optimized aeration conditions (pH 6 and 0.5 vvm for G. frateurii) 10) using a jar fermentor. Recently, we developed a method to feed glycerol into a culture using 5 M NaOH containing 50% v/v glycerol as a pH-control reagent, instead of 10 M NaOH. 10) This method was effective for GA production in the wild type: THD32 grown by this method produced 93.7 g/l of GA over 6 d of incubation, whereas the same culture conditions, but with 10 M NaOH, resulted in just 34.4 g/l of GA within the same period. Hence we also applied this method to GA production using ÁsldA. A comparison of the growth profile and GA productivity between THD32 and ÁsldA is shown in Fig. 2A . ÁsldA grew on 150 g/l of glycerol, similarly to THD32 (approximate final OD 600 value, 8.0), but the speed of growth was very slow, and ÁsldA began its growth with a lag of 4 d (Fig. 2A) . These results indicate that PQQ-GLDH is an important enzyme for growth on glycerol. Somephol et al. 16) have suggested that PQQ-GLDH connects efficiently to cytochrome bo 3 terminal oxidase, which consequently generates bio-energy. Thus, wild-type cells might acquire enough bio-energy for the early stage of growth more easily than ÁsldA cells. In contrast, it may take more time for glycerol to be transported into ÁsldA cells and for the cells to obtain enough bio-energy for growth in the presence of high initial concentrations of glycerol (>100 g/l).
To improve the growth of ÁsldA on glycerol, we investigated the effect of a carbon source besides glycerol, which can be oxidized by other membranebound enzymes linked to the respiratory chain. Since Soemphol et al. 16) reported that THD32 possesses two different types of dehydrogenases for D-sorbitol oxidation (PQQ-GLDH and D-sorbitol dehydrogenase with The reaction was conducted at 30 C, 0.5 vvm, at 500 rpm. The pH was controlled with 5 M NaOH containing 50% v/v glycerol to ensure pH>6. Symbols: , GA production by THD32; , GA production by ÁsldA; , OD 600 of THD32; , OD 600 of ÁsldA.
FAD as the prosthetic group (FAD-SLDH)), and that higher dehydrogenase activities with D-sorbitol were detected in a membrane fraction of ÁsldA cells as compared to THD32 cells, we selected D-sorbitol as substrate. The effects of adding 10, 50, and 100 g/l of D-sorbitol to 100 or 150 g/l of glycerol media are summarized in Table 1 . At both glycerol concentrations, the addition of >10 g/l of D-sorbitol had little effect on the growth of ÁsldA, and an increase in the initial D-sorbitol concentration resulted in a decrease in GA production. Hence we examined the growth, GA production, and DHA by-production of ÁsldA using 150 g/l of glycerol with 10 g/l of D-sorbitol in a jar fermentor (Fig. 2B) . ÁsldA began to grow after a lag of just 1 d. The GA productivity of THD32 was 54.7 g/l over 4 d of incubation ( Fig. 2A) , while that of ÁsldA was 89.1 g/l 4 d of incubation (Fig. 2B) . No DHA production was confirmed for ÁsldA during that period. According to the results of our previous research, 10) THD32 is to be categorized into the group showing productivity of 20-30 g/l in flasks, less productivity than that of NBRC103465. Hence, if ÁsldA mutants of G. frateurii strains showing productivity of 30-40 g/l in flasks can be obtained, including NBRC103465, GA productivity will increase with a jar fermentor.
In conclusion, the addition of 1% w/v D-sorbitol to a glycerol medium improved both the growth and GA productivity of ÁsldA. The reasons for this are thought to be that the mutant obtained enough bio-energy from D-sorbitol oxidation using FAD-SLDH. Beyond this, D-sorbitol may be a better substrate for the strain to transfer into cells or to metabolize than glycerol. The use of an sldA disruptant in GA production should make it easier to purify GA from culture broth using membrane technology. 15) 
